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ABSTRACT

The Prorocentrales are a unique group of dinophytes based on several apomorphic traits, but species delimitation is
challenging within the group. The type species of Prorocentrum, namely P. micans, cannot be determined unambiguously,
as important characters are not preserved in the original material collected in the first half of the 19th century. Water
samples were taken at the type locality of P. micans in the Baltic Sea off Kiel (Germany) and strains with a morphology
consistent with the protologue were established. An in-depth morphological analysis was performed, illustrating minute
traits such as the periflagellar platelets and three different types of thecal pores. rRNA sequence data allowed for molecular
characterization of the species. The newly collected material of P. micans was used for epitypification with the result that the
type species of Prorocentrum can now be determined unambiguously.
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Introduction
The Prorocentrales are a unique group of dinophytes, in
which cingulum and sulcus are absent and the flagella
are inserted apically (desmokont flagellation: Dodge,
1975; Fensome et al., 1993; Murray et al., 2009;
Hoppenrath et al., 2013). The theca consists of two
large, lateral thecal plates, separated by a sagittal suture,
and a cluster of small, periflagellar platelets surrounding
two large pores, one of which is the flagellar pore (prorocentroid tabulation: Fensome et al., 1993; Hoppenrath
et al., 2013). The platelets of the periflagellar area, and
their associated structures, are diverse and probably
species-specific (Hoppenrath et al., 2013). Despite the
distinct morphology, the Prorocentrales lineage has
rarely been shown to be monophyletic in molecular
phylogenetics, if a broad dinophyte taxon sample is
used (Murray et al., 2009; Orr et al., 2012; Gu et al.,
2013; Bachvaroff et al., 2014).
Prorocentrum micans Ehrenberg is one of the best
known and most widely distributed dinophycean
species (Dodge, 1975). It is marine and mainly neritic and has been globally recorded along the coasts
of the northern Pacific and of the Atlantic in the
northern and southern hemisphere, the Baltic Sea
and the Mediterranean Sea (Ehrenberg, 1836; Bergh,
1881; Stein, 1883; Paulsen, 1907; Lohmann, 1908;
Lebour, 1925; Braarud & Rossavik, 1951; Biecheler,
1952; Silva, 1959; Abé, 1967; Dodge, 1982; Paulmier,
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1992; Cohen-Fernandez et al., 2006; Hoppenrath et
al., 2009; Omura et al., 2012; Han et al., 2016).
Prorocentrum micans is also found in the Arctic
(Okolodkov, 1998; Caroppo et al., 2017) but, to the
best of our knowledge, there are no records from the
Antarctic Ocean. The species is well known for
usually non-toxic blooms in many coastal areas of
the world (Braarud & Rossavik, 1951; Cassie, 1981;
Pitcher & Calder, 2000), and maximum densities of
up to 20 million cells per litre have been reported
(Braarud & Heimdal, 1970). Some P. micans blooms
have been described as noxious, affecting shellfish
(Shumway, 1990), but these negative effects are due
more to low oxygen availability. A few early reports
on P. micans producing toxins (Pinto & Silva, 1956)
are doubtful and have never been confirmed.
Ecologically, P. micans is mixotrophic (Jacobson &
Anderson, 1996; Jeong et al., 2005) and feeds myzocytotically with a peduncle (Schnepf & Winter 1990). The
cells are easy to cultivate and, thus, there are numerous
studies of P. micans regarding growth requirements
(Kain & Fogg, 1960), clonal variability in growth rate
(Brand, 1985), use of dissolved organic compounds
(Mahoney & McLaughlin, 1977), taxis and migration
(Hasle, 1950; Eggersdorfer & Häder, 1991), allelochemical interactions (Uchida, 1977; Jin et al., 2005), population genetic diversity (Shankle et al., 2004),
ultrastructure (Dodge & Bibby, 1973; Schnepf &
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Winter, 1990; Roberts et al., 1995) and life-history
(Braarud & Rossavik, 1951; Bhaud et al., 1988).
Prorocentrum micans is the type of Prorocentrum
Ehrenberg (ICZN Art. 13.4.) and of the
Prorocentrales, and is amongst the first 20 scientific
names ever introduced in the dinophytes. The species was described by Ehrenberg (1835), who
observed it in water tow samples from the Kiel
Fjord (Baltic Sea, Germany) collected by the amateur naturalist G.A. Michaelis in September 1832
(Ehrenberg, 1836). Christian G. Ehrenberg’s minute

water-colour drawings show cells exhibiting chloroplasts and with an outline that is asymmetrically
obovate with acute antapex and a spine at the apex.
The length of the cells is documented as ~60 µm,
and Ehrenberg (1835) was unsure whether the species was bioluminescent. Kusber et al. (2005)
inspected the original material including a mica of
P. micans (preparation No. 540164-1, BHUPM) and
lectotypified the taxon based on a cell (illustrated as
their figs 2–4) in a lower ring marking a number of
cells. However, this material is not informative in

Figs 1–14. Prorocentrum micans (strain A10, LM). Figs 1–7, 13, 14. Living cells. Figs 8–10. Formalin-fixed cell. Figs 11, 12.
Lugol-fixed cells. Figs 1–7. General size and shape of cells in lateral view of the right thecal plate (Figs 1–3), the left thecal
plate (Figs 4, 5, 7, 8) and in ventral view (Fig. 6). Note the large apical trichocyst rods in Fig. 2, the poroid surface structure
in Fig. 3, the thick chromosomes visible in Fig. 4, the radiating extruded trichocysts visible in Fig. 5, and the presumptive
pusule (p) in Fig. 7. Figs 8–10. The same formalin-fixed cell stained with DAPI in brightfield (Fig. 8), with UV excitation
(Fig. 9) to illustrate shape and position of the nucleus, and with blue light excitation (Fig. 10), when chlorophyll
autofluorescence indicated chloroplast structure. Figs 11, 12. Right (Fig. 11) and left (Fig. 12) thecal plate of Lugol-fixed
cells. Note the central, darkly stained area. Figs 13, 14. Ventral view of two stages during cell division. Scale bars = 10 µm.
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terms of morphological details (e.g. pore types and
their distribution at the cell surface, microarchitecture of periflagellar platelets) and of DNA sequence
data.
Because of limited information, the original
material of P. micans is ambiguous and the species
can therefore not be critically identified for purposes of the precise application of the name (ICN
Art. 9.9). Many species of Prorocentrum can be
easily confused (Dodge, 1975; Lin et al., 2006;
Nagahama et al., 2011; Hoppenrath et al., 2013;
Herrera-Sepúlveda et al., 2015; Gómez et al.,
2017), and DNA sequence information is particularly essential in this group for reliable determination. Morphologically, P. micans has been
considered to be very variable (Braarud &
Rossavik, 1951; Bursa, 1959; Dodge, 1975) and the
delimitation from similar species such as
Prorocentrum gracile F.Schütt, Prorocentrum triestinum J.Schiller or Prorocentrum mexicanum OsorioTafall might be unclear (Taylor, 1976; Faust et al.,
1999; Hernández-Becerril et al., 2000; CohenFernandez et al., 2006). Moreover, Prorocentrum
texanum var. cuspidatum Henrichs, Steidinger, P.S.
Scott & L.Campbell described in 2013 (Henrichs et
al., 2013) is genetically distinct but morphologically
similar to P. micans. The same applies to the
recently described species Porocentrum koreanum
M.S.Han, S.Y.Cho & P.Wang (Han et al., 2016),
which is very similar if not indistinguishable from
Ehrenberg’s species, despite distinct genetic differences from strains listed as P. micans. In light of
such uncertainties, the present study follows an

epitypification approach (ICN Art. 9.8; Day et al.,
2010) that has turned out to be taxonomically useful for historical scientific names in dinophytes
(Kretschmann et al., 2015, 2018; Tillmann et al.,
2017). New material of P. micans was collected at
the type locality in the Baltic Sea off Kiel and the
present study aimed at the reliable determination of
this ecologically and taxonomically important
species.

Materials and methods
Sampling, cell isolation, cultivation
A surface water sample (temperature: 13.7°C, salinity:
15) was taken at the Kiel Fjord (Baltic Sea off
Germany) from a harbour pier (54°20′41.0′′N, 10°09′
21.5′′E) with a bucket on 20 October 2017. Single
cells (exhibiting a morphology consistent with
Prorocentrum) were isolated by micro-capillary into
96-well plates filled with 0.2 ml filtered water from
the sample site. Plates were incubated at 15°C under
50 µmol photons m–2 s–1 on a 16:8 h light:dark
photocycle in a controlled environment growth
chamber (Sanyo Biomedica MIR 252; Wood Dale,
Illinois, USA.
A total of 12 clonal strains of P. micans (Table 1)
were established and cultivated in the conditions
described above. Six of them were grown in natural
seawater medium consisting of sterile filtered (0.2 µm
VacuCap filters; Pall Life Sciences; Dreieich, Germany)
and diluted North Sea water with a salinity of 15, and
the other group of six strains in a full saline (salinity 33)

Table 1. Cell dimensions of 12 Prorocentrum micans strains grown in a salinity of either 15 or 33.

Strain

Salinity

A4

15

A10

15

B8

15

B11

15

C8

15

D10

15

A3

33

B1

33

B3

33

C3

33

D3

33

D6

33

419

Length (µm)

Depth (µm)

L/D ratio

Posterior angle (°)

mean ± SD
min–max

mean ± SD
min–max

mean ± SD
min–max

mean ± SD
min–max

49.6±1.6
44.4–53.8
48.8±1.6
40.5–51.9
50.5±2.0
43.1–55.1
50.6±1.8
42.9–53.6
48.1±2.0
41.8–51.3
48.4±1.5
43.0–53.3
53.6±1.6
49.8–58.0
52.3±1.7
49.1–55.8
52.3±1.5
48.3–54.9
51.5±1.4
48.2–54.7
51.9±1.8
46.4–56.4
52.9±1.5
50.1–58.2

30.5±1.4
26.8–33.4
29.6±1.4
24.4–32.4
29.7±1.3
26.3–32.3
30.1±1.5
26.9–33.0
29.0±1.2
26.2–31.7
29.1±1.2
25.2–31.3
31.2±1.2
29.0–34.8
32.2±1.5
29.0–35.7
31.1±1.1
28.6–33.4
30.7±1.0
28.3–33.7
32.1±1.6
26.4–35.9
31.4±1.0
28.8–34.5

1.63±0.05
1.52–1.79
1.65±0.06
1.50–1.78
1.70±0.06
1.54–1.89
1.68±0.06
1.55–1.86
1.66±0.06
1.52–1.79
1.67±0.05
1.56–1.86
1.72±3.8
1.71–1.61
1.63±0.04
1.56–1.72
1.68±0.04
1.60–1.78
1.68±0.04
1.57–1.81
1.62±0.05
1.53–1.76
1.69±0.04
1.60–1.84

80.8±5.0
61.3–93.9
82.1±6.0
68.8–109.8
80.1±6.2
69.9–109.3
81.8±6.3
66.2–109.4
82.3±6.4
66.4–99.4
83.6±4.7
73.7–99.5
76.7±3.8
66.4–85.7
81.5±3.6
72.3–89.3
77.2±3.4
69.6–91.4
78.6±3.8
71.8–91.0
85.3±4.7
72.6–94.9
76.6±3.8
65.3–88.1

N
75
87
73
75
74
72
83
70
73
86
78
82

For a sketch on how morphometric size measurements were performed see Supplementary fig. S1A. Note that all
strains sequenced (i.e. A10, B11, D10) are identical with respect to their rRNA sequence.
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seawater medium. Both salinity media were enriched
with nutrients corresponding to 50% of K-medium
(Keller et al., 1987) slightly modified by omitting
ammonium ions.
For DNA harvest, cells were collected by centrifugation (Eppendorf 5810R; Hamburg, Germany) in 50 ml
centrifugation tubes at 3220×g for 10 min. Cell pellets
were transferred to 1 ml microtubes, then again centrifuged (Eppendorf 5415, 16000×g, 5 min) and stored
frozen (−20°C) for subsequent DNA extraction. In
addition, all strains were grown and harvested as
described above for lipophilic toxin analysis and stored
at −20°C until use. For each harvest, cell density was
determined by settling Lugol-fixed samples and counting >800 cells under an inverted microscope.
Microscopy
Observation of living or fixed cells (formaldehyde: 1%
final concentration, or neutral Lugol-fixed: 1% final
concentration) was carried out using an inverted
microscope (Axiovert 200M; Zeiss; Munich,
Germany) and a compound microscope (Axiovert 2;
Zeiss), both equipped with epifluorescence and differential interference contrast optics. The shape and
location of the nucleus was determined after staining
of formalin-fixed cells with 4′-6-diamidino-2-phenylindole (DAPI, 0.1 µg ml–1 final concentration) for 10
min. Images were taken either with a digital camera
(Axiocam MRc5; Zeiss), or videos were recorded
using a digital camera (Gryphax Jenoptik; Jena,
Germany) at full-HD resolution. Single frame micrographs were then extracted using Corel Video Studio
software (Version X8, Coral; Ottawa, Canada).
Length and width of freshly fixed cells (neutral Lugol)
from dense but healthy and growing strains (based on
stereomicroscopic inspection of the living material) during late exponential phase were measured at microscopic
magnification of 640× (1000× for spine length) using the
inverted microscope and the Axiovision software (Zeiss).
A detailed sketch on how morphometric size measurements were performed is provided as supplementary
material (Supplementary fig. S1).
For scanning electron microscopy (SEM), cells
were collected by centrifugation (Eppendorf 5810R;
3220×g for 10 min) from 15 ml of the strain. The
supernatant was removed and the cell pellet re-suspended in 60% ethanol prepared in a 2 ml microtube
with seawater (final salinity ~13) at 4°C for 1 h in
order to strip off the outer cell membrane. Cells were
further collected by centrifugation (Eppendorf 5415R;
16000×g for 5 min) and re-suspended in a 60:40
mixture of deionized water and seawater (final salinity ~13) at 4°C for 30 min. After centrifugation and
removal of the diluted seawater supernatant, cells
were fixed with formaldehyde (2% final concentration
in a 60:40 mixture of deionized water and seawater)

and stored at 4°C for 3 h. Alternatively, cells were
treated with TritonX (Sigma-Aldrich; St. Louis,
Missouri, USA) at 0.5 % final concentration for 3 h.
Cells from both treatments were collected on polycarbonate filters (Millipore Merck; Darmstadt,
Germany; 25mm Ø, 3 mm pore-size) in a filter funnel, in which all subsequent washing and dehydration
steps were carried out. A total of eight washing steps
(2 ml MilliQ-deionized water each) were followed by
a dehydration series in ethanol (30%, 50%, 70%, 80%,
95%, 100%; 10 min each). Filters were dehydrated
with hexamethyldisilazane (HMDS), first in 1:1
HMDS:EtOH, followed by twice 100% HMDS, and
then stored in a desiccator under gentle vacuum.
Finally, filters were mounted on stubs, sputter coated
(Emscope SC500; Ashford, UK) with gold-palladium
and viewed at 10 kV under a SEM (FEI Quanta FEG
200; Eindhoven, the Netherlands). Micrographs were
presented on a black background using Photoshop
6.0 (Adobe Systems; San Jose, California, USA).
Toxin analysis
Cell pellets were suspended in 500 μl methanol and subsequently transferred to a FastPrep tube containing 0.9 g
lysing matrix D (Thermo Savant; Illkirch, France). The
samples were homogenized by reciprocal shaking
at maximum speed (6.5 m s–1) for 45 s in a Bio101
FastPrep instrument (Thermo Savant). After homogenization, samples were centrifuged (Eppendorf 5415 R) at
16 100×g at 4°C for 15 min. The supernatant (400 μl) was
transferred to a spin-filter (pore-size 0.45 μm; Millipore
Ultrafree; Eschborn, Germany) and centrifuged for 30 s at
800×g. The filtrate was transferred to an autosampler vial
and analysed by LC-MS-MS for the presence of okadaic
acid as described in Krock et al. (2008).
DNA sequencing
Genomic DNA was extracted from fresh material using
the Nucleo Spin Plant II Kit (Machery-Nagel; Düren,
Germany). Various regions of the ribosomal RNA
(rRNA) genes including the Internal Transcribed
Spacers (ITSs) were amplified using primer pairs specified previously (Gu et al., 2013) and following standard
protocols (Gottschling & Plötner, 2004; Gottschling et
al., 2012).
Terminology
Terminology of cell orientation, designation of thecal
plates and platelets and ornamentation follows
Hoppenrath et al. (2013), but cell width is corrected
towards cell depth (i.e. dorsoventral width). In the
present study, terminology for measurements in the
periflagellar area is defined for future unambiguous
descriptions (Supplementary fig. S2). The term ‘wing’
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was often used in the older literature as part of the
spine in planktonic species of Prorocentrum. In the
new definitions proposed by Hoppenrath et al.
(2013), ‘wing’ is used (in a strict sense) for a thecal
projection of a periflagellar platelet being broader
than high, and the spine of platelet 1 is here described
as having a ‘sail’. The term ‘mucron’ (i.e. small tooth;
Cohen-Fernandez et al., 2006) is used for a small
posterior structure or extension of one of the lateral
thecal plates of Prorocentrum.

Results
General morphology
Using light microscopy (LM), all 12 clonal strains
were identical in terms of morphology. Strain A10
was selected for the epitype and will be described
and depicted in detail (Figs 1–50; 53, 55, 56, 58).
Cell size for all strains ranged from 40.4 to 58.2 µm
in length and 24.4 to 35.9 µm in depth (Table 1),
with strains grown at a salinity of 33 being slightly
larger compared with strains grown at a salinity of
15. Mean size for strain A10 was 48.8 µm in length
and 29.6 µm in depth. Motile cells had both a longitudinal and a wavy transverse flagellum arising
from the apical periflagellar area. Dividing cells
kept their motility, and division was by desmoschisis
along the sagittal suture (i.e. the two large thecal
plates were shared between the two daughter cells:
Figs 13, 14).
Cells were strongly compressed laterally (Fig. 6)
and in lateral view, they were asymmetrically obovate
in outline and had a rounded or slightly truncated
and/or indented anterior part and an acute posterior
end (Figs 1–14). Both dorsal and ventral sides of the
theca were convex with the broadest part of the cells
in the upper half of the cell. The dorsal convexity was
stronger, and the ventral side could appear nearly a
plane (Fig. 11). The posterior angle was variable,
ranging from 68.8° to 109.8° (Table 2). At the apex,
cells terminated with a distinct apical spine of 6.4 ±
0.5 µm in length (Table 2). Light microscopy also
revealed a conspicuous line of rod-shaped trichocysts
with a length of ~7 µm visible in the apical area (Fig.
2) and a poroid surface of the theca (Fig. 3). Under a
coverslip, living cells were regularly observed with
extruded trichocysts radiating from the cell surface,
especially in the posterior part (Fig. 5).
A large U- to V-shaped nucleus with thick,
dinokaryotic chromosomes (Fig. 4) extended about
65% of the cell length (Fig. 9). Two lobed and
retiform, brownish chloroplasts were parietally
arranged (Figs 5, 10). No stalked pyrenoid with
starch sheath was visible in LM. However, a densely stained area was observed in the centre of
Lugol-fixed cells (Figs 11, 12), in which the
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chloroplast seemed to lack perforations (Fig. 10).
A large, round or bilobatedly kidney-shaped, hyaline area (presumably a pusule) was occasionally
visible in the anterior part of the cell (Figs 6, 7).
Scanning electron microscopy confirmed the general
appearance of the cell (Figs 15–31) and revealed the
three-dimensional shape of both thecal plates in more
detail (Figs 17–22). Moreover, a number of structural
details could be demonstrated. The spine consisted of a
broad spearhead-shaped part arranged perpendicular to
the sagittal plane and it was slightly variable among
individual cells (it also varied depending on the individual perspective in the microscope). On the left lateral
side, the spine extended to the ventral side as a steeply
narrowing sail oriented in the cell’s sagittal plane (Figs
23–28). The total length of the spine (in SEM specimens) was 6.2 ± 0.6 µm (n = 11). Opposite the large
spine, there was a small wing (Figs 23, 38).
At the posterior end of the cell, there was a small
triangular extension of the theca (i.e. mucron) bent
slightly upwards. However, the mucron was only present on the left thecal plate (Figs 29–31). Between the
two thecal plates there was an intercalary band of
varying width, which was densely striated transversally
(0.4–0.7 µm between stripes, n = 15; Figs 17–20, 31,
Supplementary fig. S7) and occasionally a few horizontal lines were also observed (Fig. 31, Supplementary fig.
S7). In a few specimens the transition between intercalary band and theca was marked by a dense row of
small, roundish depressions (Fig. 19).
The surface of both thecal plates was foveate with
round or oval (or occasionally more kidney shaped and
elongated) depressions with a density of 1.24 ± 0.20 µm–2
Table 2. Morphometric measurements for Prorocentrum
micans strain A10 as measured with light microscopy
(LM) or scanning electron microscopy (SEM).
Trait
Length LM (µm)
Depth LM (µm)
L/D LM ratio
Posterior angle LM (°)
Spine length LM (µm)
Large pore diameter SEM (µm)
Small pore diameter SEM (µm)
Mini pore diameter SEM (µm)
Depression density SEM (µm–2)
Depression area SEM (µm2)
Number large pores right plate SEM
Number small pores right plate SEM
Number large pores left plate SEM
Number small pores left plate SEM
Depth periflagellar area SEM (µm)
Length periflagellar area SEM (µm)
Width ap SEM (µm)
Length ap SEM (µm)
Width fp SEM (µm)
Length fp SEM (µm)

Mean ± SD
48.8 ± 1.6
29.6 ± 1.4
1.65 ± 0.06
82.1 ± 6.0
6.4 ± 0.46
0.66 ± 0.05
0.18 ± 0.01
0.12 ± 0.01
1.24 ± 0.20
0.18 ± 0.08
76.0 ± 6.8
50.4 ± 5.1
78.0 ± 6.6
53.9 ± 8.3
6.3 ± 0.5
3.4 ± 0.4
0.7 ± 0.1
1.3 ± 0.1
0.9 ± 0.1
1.7 ± 0.1

Min – Max
40.5 – 51.9
24.4 – 32.4
1.50 – 1.78
68.8 – 109.8
5.1 – 7.3
0.55 – 0.76
0.16 – 0.22
0.11 – 0.13
0.96 – 1.74
0.02 – 0.49
63 – 87
42 – 63
65 – 89
39 – 75
5.0 – 7.6
2.9 – 4.5
0.6 – 0.9
1.1 – 1.5
0.8 – 1.1
1.4 – 1.9

N
87
87
87
87
50
31
33
20
20
500
14
13
19
19
25
17
7
7
14
11

Abbreviations: L/D: length/depth; ap: accessory pore; fp: flagellar pore.
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Figs 15–31. Prorocentrum micans (strain A10, SEM). Figs 15–20. Entire cells in right thecal view (Fig. 15), left thecal view
(Fig. 16), ventral-lateral view (Fig. 17), dorsal-lateral view (Fig. 18), left thecal view (Fig. 19) and apical view (Fig. 20). Figs
21, 22. Left thecal plate (Fig. 21) and right thecal plate (Fig. 22) in apical view to illustrate three-dimensional shape of the
thecal plates. Figs 23–28. Different views of the apical spine. Note the short wing (arrow in Fig. 23) opposite to the spine.
Figs 29–31. Different views of the short, triangular posterior termination (mucron) on the left thecal plate. Scale bars = 10
µm (Figs 15–19, 21, 22), 5 µm (Fig. 20), 1µm (Figs 23–31).

(n = 20). The area of the depressions ranged from 0.02 to
0.49 µm2 (Table 2). Presence and development of depressions seemed to depend on thecal age. Presumably,
recently formed thecal plates were free of depressions
(Figs 37, 40), and various developmental stages in size

and depth of the depressions were observed (Fig. 19).
Moreover, dorsal or ventral views (i.e. non-lateral views)
revealed cells with markedly differing foveate ornamentation of both thecal plates (Fig. 38, Supplementary figs
S4–S6).
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Thecal pores
There were three different types of thecal pore present.
Firstly and most obviously, there were large trichocyst
pores consisting of a large canal with an outer diameter
of 0.66 ± 0.05 µm (n = 31). In the centre of the canal, a
protuberance was visible with an inner opening either
being very small (Figs 42, 43, Supplementary figs S8,
S9) or wide (Fig. 44, Supplementary figs S10, S11), the
latter probably representing the stage after trichocyst
extrusion. From internal thecal views, the tubular
structure of large trichocyst pores was discernible
(Figs 35, 36, 45, 46); they extended for ~0.6 µm inside
of the theca with an inner opening (although mainly
covered by fibrous material in SEM preparations) of
~0.3 µm diameter (Fig. 48). Secondly, there were small
pores present (Figs 40, 42) which predominantly were
recessed and located in the centre of a round depression (Fig. 42). The opening of these small pores had a
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diameter of 0.18 ± 0.01 µm (n = 33). Internal theca
view revealed that the small pores were also tubular
but with a distinctly smaller inner extension (~0.07
µm) and inner diameter (~0.2 µm) (Figs. 45, 46, 49).
Finally, there was a third type of pore present, which
was not located inside a depression and whose diameter was the smallest (0.11 to 0.13 µm, n = 20). These
mini-pores were present on both thecal plates, were
consistently restricted to the most posterior part of the
cells, and they often formed small clusters (Fig. 47).
Large and small pores were abundant on both
thecal plates (Table 2) with ~77 and 52 large and
small pores per plate, respectively, leaving only an
elongated, narrow central area free of pores. Large
trichocyst pores were densest in the lower third of the
thecal plates, where they were mainly arranged in
radial rows around the margins (Figs 32–37, 51, 52).
The two most posteriorly located rows of large pores
were arranged in a semicircle. Upwards, there were

Figs 32–39. Surface structure and pore patterns of Prorocentrum micans (strain A10, SEM). Fig. 32. Right thecal plate. Fig. 33.
Left thecal plate. Fig. 34. Left thecal plate in posterior view. Fig. 35. Right thecal plate in internal view. Fig. 36. Left thecal plate in
internal view. Fig. 37. Entire cell with a presumably newly formed left thecal plate free of surface depressions. Figs 38, 39. Apical
pore pattern of the right (Fig. 38) and left (Fig. 39) thecal plate. Scale bars = 10 µm (Figs 32–37) or 5 µm (Figs 38, 39).
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Figs 40–50. Surface structure and pores of Prorocentrum micans (strain A10, SEM). Fig. 40. Smooth surface of a
presumably newly formed thecal plate with large trichocyst pores on the left and small pores on the right side. Fig. 41.
Detailed view of size and shape of the surface depressions (foveate ornamentation). Fig. 42. Large trichocyst pores (white
arrows) and small pores (black arrows). Fig. 43. Detailed view of the fine structure of large trichocyst pores. Fig. 44. Two
large trichocyst pores with a sloped opening. Fig. 45. Internal view of the posterior part of the left thecal plate showing
tubular structure of thecal pores. Fig. 46. Detailed internal view with large trichocyst pores (white arrows) and small pores
(black arrows). Fig. 47. Enlarged view of the posterior part of the thecal plate showing large trichoycst pores (large white
arrows), a small pore (black arrow) and a few mini-pores (small white arrows). Figs 48, 49. Detailed internal view of a large
trichocyst pore (Fig. 48) and a small pore (Fig. 49). Fig. 50. Bundles of extruded trichocysts showing the tetragonal and
densely striated structure. Scale bars = 5 µm (45), 1 µm (Figs 40–42, 46, 50), 0.5 µm (Figs 43, 44, 47, 48), 0.2 µm (Fig. 49).

usually four rows of large pores on each side consisting of usually three to six pores per row.
Occasionally, these rows were located in slightly
recessed depressions leading to a somewhat serrated
appearance of the theca (Figs 33, 34). In the lower
half, but not for the most posterior part of the cell,
the deep cavities of trichocyst pores usually had a flat
angle slope pointing towards the anterior or lateral
side of the cell (Figs 32, 34–37, 44).
In the apical area, large trichocyst pores formed
some characteristic patterns. On the right theca, there
was a winding row of usually eight pores (7–10, n =
30) starting just below the apical spine and following
the anterior excavation to the ventral side of the cell
(Fig. 38). On the dorsal side of the left plate, there
was a row of usually six pores (5–7, n = 24) along the
plate margin and starting dorsally from the spine.
The area below the periflagellar area of the left plate
was free of pores. The apical pore pattern of the
dorsal right theca and of the ventral left theca were

more variable and basically consisted of a few pores
along the margin and a few pores in an arched
inwards running row (Figs 38, 39). In SEM preparation, extruded trichocysts were abundant. They were
tetragonal, about 0.11 µm in width and had a very
fine horizontal striation (Fig. 50).

Periflagellar area
The cell apex was formed by the periflagellar area,
which was about 6 µm deep and 3 µm wide (Table 2).
It fitted into place between both thecal plates in a gap
with a long and drawn out bend of the left plate and an
additional, broadly V-shaped, indentation of the right
plate (Fig. 53). The periflagellar area was composed of
nine platelets surrounding a flagellar pore (fp) and an
accessory pore (ap) (Figs 54–61). One of the regular
platelets (i.e. platelet 6) was consistently split into two
parts (platelet formula: 1 2 3 4 5 6a, b 7 8). The fp was
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P. micans and to closely related species of Prorocentrum
is shown in Fig. 62. Although not entirely identical,
sequences associated with P. micans showed four autapomorphic (i.e. diagnostic) positions, delimiting it from
all other species of Prorocentrum (including P.
koreanum).
Toxins
All strains were negative for the presence of okadaic
acid. Due to slightly different biomass available for
different strains, the limit of detection varied between
3.1 and 5.2 fg cell–1.

Figs 51, 52. Schematic drawing of a representative pore
pattern of the right (Fig. 51) and left (Fig. 52) theca of
Prorocentrum micans (strain A10).

irregular in shape, generally longer than wide in right
lateral to apical view (~1.7 µm long, 0.9 µm wide, Table
2; for orientation see Supplementary fig. S1B) and surrounded by platelets 3, 5, 6b and 8. The ap was similar
in shape but smaller (~1.3 µm long, 0.7 µm wide, Table
2) and surrounded by platelets 7 and 8. Both pores
internally had additional lip-like structures (Figs 58,
59), forming a tubular and funnel-like extension into
the cell (Fig. 55), which was also visible in LM with UV
excitation (Fig. 9).
The triangular platelet 1 was the largest and
carried the long spine with sail, whereas the triangular but distinctly smaller platelet 4 on the opposite edge of the periflagellar area supported a short
(height: 0.8 ± 0.1 µm; range 0.6–1.1 µm; n = 15)
wing (Figs 23, 38, 54, 56–58) running along almost
all of the suture between platelet 4 and platelets 3
and 5 (width: 1.5 ± 0.3 µm, range 1.1–2.0 µm; n =
20). On the other platelets, very short, irregular
platelet lists were present occasionally (Fig. 60).
The number and arrangement of apical platelets
of strain A10 were confirmed by SEM for two of
the other Kiel Bight strains (i.e. B11, D11). Size and
shape of single periflagellar platelets within the
clonal
materials
were
slightly
variable
(Supplementary figs S12–S24). For two cells, a variation in platelet configuration was observed, in
which platelet 6a anomalously was in contact with
platelet 1 (Supplementary figs S25, S26).

Molecular diagnostics
rRNA sequences of strains A10, B11 and D10 (Table 1)
were deposited in GenBank as entries MK405477,
MK405478, MK405479 and MK405480. The sequence
of the strain A10 (i.e. from which the epitype was
prepared) compared with other sequences assigned to

Discussion
Reliable determination of species is a necessary prerequisite for any applied research in ecology, biogeography and
experimental biology. This is particularly true for taxonomically challenging groups such as protists, including
Prorocentrum which is the focus of the present study. The
original material of the type species, P. micans, in the
Ehrenberg collection (BHUPM) provides information
about the cell shape being obovoid, rounded anteriorly,
acute posteriorly, more flattened ventrally and convex
dorsally (Kusber et al., 2005). The cells in Ehrenberg’s
drawings are somewhat more symmetrical than the physical cells available in micas. Preserved cells are 45.0–46.8
µm long (without spine) and 28.2–30.0 µm deep (n = 3)
and a prominent, apical, 7.2–10.8 µm long (n = 3) spine
with sail is present. The foveate ornamentation, with
short rows of large pores, is likewise visible in the original
material, but traits such as different pore-types and their
distributions over the cell surface, or the microarchitecture of the periflagellar platelets are not preserved. Today,
we know that these and other morphometric details are
required for an unambiguous identification of closely
related species of Prorocentrum. DNA sequence information is further important for the correct determination of
species in the microbial world and the application of the
name P. micans has thus been ambiguous (ICN Art. 9.9)
prior to our study.
In cases of taxonomic ambiguity, the epitypification approach (Day et al., 2010) has been successfully
applied for historical scientific names in the past
(Kretschmann et al., 2015, 2018; Tillmann et al.,
2017). The clonal strain isolated from the type locality
and documented here in much detail does not contradict the description and original material of P.
micans (Ehrenberg, 1835; Kusber et al., 2005). The
cell size, shape, thecal ornamentation and apical spine
morphology cannot be distinguished from the original material, although the apical spine is slightly
shorter (Table 2). However, size ranges are overlapping and we are confident that, in fact, our material is
correctly determined as P. micans. Thus, epitypification of P. micans (see below) is possible, justified and
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Figs 53–59. Periflagellar area of Prorocentrum micans (SEM). Fig. 53. Apical view of a cell (strain A10), whose periflagellar
area was detached revealing the shape of the apical notch of both thecal plates. Fig. 54. Ventral apical view of the
periflagellar area (strain D10). Fig. 55. Posterior dorsal view of a detached periflagellar area (strain A10) showing the
internal extension of accessory and flagellar pore. Figs 56–58. Apical view of the periflagellar area (Figs 56, 58: strain A10;
Fig. 57: strain B11). Note that in Fig. 58, a bent short list of platelet 8 is covering and hiding the accessory pore. Fig. 59.
Internal view of the periflagellar area (strain B11). ap = accessory pore, fp = flagellar pore. Scale bars = 1 µm.

advised, and allows for adding morphological and
molecular data to the species circumscription for
unambiguous identifications in future.
In terms of morphology, information about the
exact number and the arrangement of the periflagellar platelets is a striking addition made here. Such
features are rarely reported for planktonic species of
Prorocentrum, although they are considered crucial
for a consistent taxonomy of Prorocentrales. Detailed

and reliable high magnification SEM images of the
apical area are difficult to obtain and, therefore, a
comparison with an early drawing of the periflagellar
area of P. micans (Taylor, 1980; Fensome et al., 1993)
should be made with care. Twelve (instead of nine)
platelets are depicted (Supplementary fig. S3), with a
number of very small elements arranged around, or
close to, the accessory pore (platelet formula: 1 2a, b 3
4 5 6a, b 7a, c 8a, c). The relative size and shape of,
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Figs 60, 61. Schematic drawings of the periflagellar area in
external (Fig. 60) and internal (Fig. 61) view. ap = accessory
pore, fp = flagellar pore.

for example, platelets 2 (with split and narrower), 3
(much deeper and larger) and 4 (much smaller) differ
markedly from our observations (Figs 60, 61,
Supplementary fig. S2). The periflagellar area
(Taylor, 1980; Fensome et al., 1993) is inferred from
stained light micrographs (provided by Hans A. von
Stosch), and it remains to be clarified whether it
represents a real and deviating platelet pattern (indicative of a potentially different species), or is based on
preparation and/or observation artefacts. In any case,
the present study indicates that the periflagellar platelet pattern is a suitable morphological trait, as stability and consistency for three clonal strains is
shown. However, the number of micrographs with
all plates unambiguously visible is still limited and
size and shape of single platelets and, exceptionally,
also the arrangement of one of the platelets (namely
6a) can vary within a clonal strain.
The presence of a mucron in the antapical thecal
region is considered a diagnostic character for delimiting species or closely related species groups of
Prorocentrum. In particular, the mucron of P. gracile
(with P. sigmoides Böhm in synonymy) has been considered as a possible diagnostic character that should
be evaluated based on further observations of material
from different geographic regions (Cohen-Fernandez
et al., 2006). We demonstrate the mucron also for P.
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micans in the present study and, thus, its presence or
absence appears to be a morphological trait at the
group, rather than the species, level. The mucron is a
tiny structure, and further investigations of strains and
field material within the P. micans species complex will
shed light on intra- and inter-specific variability of this
trait and whether peculiar character states may turn
out as diagnostic for species.
We are still searching for reliable morphological traits
to distinguish between (closely related) species of
Prorocentrum and to the best of our knowledge, the
presence of minipores are here described for the first
time. They are neither recognizable on SEM images published under the name P. micans nor on those of related
species such as P. gracile, P. koreanum or P. texanum
(Cohen-Fernandez et al., 2006; Henrichs et al., 2013; Han
et al., 2016). High magnification microscopy is needed to
observe minipores, and all species of Prorocentrum are in
need of a rigorous re-investigation concerning this morphological trait. The same is true for the pore pattern, but
this is difficult because there is no consistent descriptive
terminology available at present. As a result, text and
images or drawings can be occasionally confusing, and
statements such as those which say the pore patterns
(around the periflagellar area and the thecal surface) of
P. micans and P. koreanum are ‘very different’ (Han et al.,
2016, p. 40) are truly open for interpretation.
We now have at hand all information necessary to
identify P. micans reliably and unambiguously and can
start to compare P. micans with previous studies, some of
which are based on large morphological data sets and/or
extensive DNA sequence information (Cohen-Fernandez
et al., 2006, 2010; Han et al., 2016). Moreover, we are
enabled now to distinguish this taxon from other similar
species of Prorocentrum, in particular from the recently
described P. koreanum (Han et al., 2016). The species is
clearly distinct from P. micans (identified by strain A10)
as inferred from rRNA sequence data, but agrees to a
large extent with the LM morphology of P. micans (a
phenomenon termed cryptic speciation). In turn, a
Korean strain determined as P. micans, and with rRNA
sequence data very similar to our epitype barcode (and
other strains listed as P. micans), is described as morphologically different from the material investigated in the
present study (Han et al., 2016), but subsequent study
with high-resolution SEM images must work out such
differences in detail to clarify the situation. Future
research is necessary to disentangle the complex taxonomy of species similar to P. micans and with the present
study a crucial step forward has been made in this respect.
Epitypification
Prorocentrum micans Ehrenberg, Abhandlungen der
Königlichen Akademie der Wissenschaften in Berlin
1833, Physikalische Klasse: 307–308. 1835. 1952. –
Type [mica with non-fossil specimen]: Baltic Sea off
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Fig. 62. Alignment of the full ITS sequences comprising Prorocentrum micans (3 strains, including A10, from which the epitype was prepared) and other closely related species of
Prorocentrum. Internal Transcribed Spacer 1 (upper third), 5.8S rRNA (middle third) and Internal Transcribed Spacer 2 (lower third) are separated, and pairing regions (Gottschling & Plötner
2004) are indicated by numbers. Autapomorphic (i.e. diagnostic) positions of Prorocentrum micans are indicated by pink arrows.
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Germany. Schleswig-Holstein, Kiel, Sep 1832 [prepared
Nov 25 1832]: G.A. Michaelis [Ch.G. Ehrenberg] s.n.
(lectotype, designated by Kusber et al. 2005 and illustrated as figs 2–4: BHUPM 540164-1); [SEM stub]:
Baltic Sea off Germany. Schleswig-Holstein, Kiel, Oct
20, 2017: K.J.S. Meier [U. Tillmann] A10 (epitype,
designated here: CEDiT2018E87) [http://phycobank.
org/101001].
Note: Volume 1833 of the Abhandlungen was probably printed in 1834, but was not published before 1835
due to problems with the printing costs of the copper
plates (pers. comm. St. Fölske, Archiv der BerlinBrandenburgischen Akademie der Wissenschaften).
The lectotypification of McLachlan et al. (1997) is to be
subsumed, as the corresponding reference (Ehrenberg,
1836) was published after the protologue (Ehrenberg,
1835). Kusber et al. (2005) emphasized that the copper
engravings are later interpretations of original material
and are thus not eligible for typification purposes (ICN
Art. 9.3).
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S4. Ventral view of a cell where the right plate is smooth
and the left plate is foveate. Figs S5, S6. Apical area of cells
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with one smooth and one foveate thecal plate. Fig. S7.
Detailed view of a broad sagittal suture with a few vertical
lines (arrows) next to the dense horizontal striation. Figs
S8–S11. Examples of large trichocyst pores with the spinning-nozzle like structure visible with an inner opening
either being very small (Figs S8, S9) or wide (Figs S10,
S11). Scale bars = 5 µm (Figs S4–S6), 1 µm (Fig. S7), 0.5 µm
(Figs S8–S11).
Supplementary figs S12–S24: Periflagellar area of
Prorocentrum micans (SEM) in apical (Figs S12–S19) or
internal (Figs S20–S24) view. Figs S13–S19, S23: strain A10;
Figs S12, S20, S22, S24: strain B11; Fig. S21: strain D10.
Note that only plates that are visible are labelled. ap =
accessory pore, fp = flagellar pore. Scale bar = 1 µm.
Supplementary figs S25, S26: Periflagellar area of
Prorocentrum micans (SEM). Variation in platelet configuration: platelet 6a anomalously in contact with platelet 1
(arrows). Fig. S25: strain B11, Fig. S26: strain A10. Scale bar
= 1 µm.
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